Abstract Nitric oxide participates in cellular signal transduction largely through S-nitrosylation of allosteric and activesite cysteine thiols within proteins, forming S-nitroso-proteins (SNO-proteins). S-nitrosylation of proteins has been demonstrated to affect a broad range of functional parameters including enzymatic activity, subcellular localization, protein-protein interactions, and protein stability. Analogous to other ubiquitous posttranslational modifications that are regulated enzymatically, including phosphorylation and ubiquitinylation, accumulating evidence suggests the existence of enzymatic mechanisms for regulating protein Snitrosylation. In particular, studies have led to the identification of multiple enzymes (nitrosylases and denitrosylases) that participate in targeted S-nitrosylation or denitrosylation of proteins in physiological settings. Nitrosylases are best characterized in the context of transnitrosylation in which a SNO-protein transfers an NO group to an acceptor protein (Cys-to-Cys transfer), but examples of transnitrosylation catalyzed by metalloproteins (Metal-to-Cys transfer) also exist. By contrast, denitrosylases remove the NO group from SNO-proteins, ultimately using reducing equivalents derived from NADH or NADPH. Here, we focus on the recent discoveries of nitrosylases and denitrosylases and the notion that their aberrant activities may play roles in health and disease.
Introduction
Background S-nitrosylation, the reversible, covalent addition of a nitrogen monoxide (NO) moiety to the thiol side chain of cysteine (Cys), has emerged as an important regulatory mechanism in nitric oxide-related signaling. Both proteins and low-molecular-weight thiols, including in particular glutathione, are subject to S-nitrosylation, generating Snitroso-proteins (SNO-proteins) and S-nitrosoglutathione (GSNO), respectively [1] . Initial studies of the function of nitric oxide as a signaling molecule in smooth muscle demonstrated a role for cGMP as a second messenger [2] . However, evidence accumulated over the past two decades has demonstrated that nitric oxide exerts its ubiquitous influence on signal transduction and other aspects of cellular function largely through cGMP-independent S-nitrosylation of proteins [3] . In mammals, cellular S-nitrosylation is coupled to nitric oxide synthesis carried out principally by three isoforms of nitric oxide synthase (NOS): neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or NOS3). S-nitrosylation results from the reaction of Cys thiols with nitric oxide-derived species, such as N 2 O 3 , by oxidation of a SNO radical anion (RSNO ·− ) or by transnitrosylation, which is the transfer of the NO group from an S-nitrosothiol (SNO) to an acceptor Cys thiol [3, 4] . A growing body of research indicates an essential role for homeostatic regulation of cellular SNOs in normal physiology, which is maintained, in part, by the opposing actions of enzymes involved in either addition or abstraction of NO from SNOs. Dysregulated S-nitrosylation has been implicated as a cause or consequence of a broad range of diseases, including asthma, cystic fibrosis, Parkinson disease, heart failure, and stroke (Table 1) , and the role of nitrosylases and denitrosylases in governing levels of S-nitrosylation under both physiological and pathophysiological conditions is increasingly appreciated.
Specificity determinants
In multiple analyses of the role of protein S-nitrosylation in the context of cellular signal transduction, it has emerged that this posttranslational modification exhibits a high degree of spatiotemporal precision [3] . Selectivity is conferred in part by the interaction of substrates with sources of NO groups including NOSs and NO donors (including GSNO and SNO-proteins) and through SNO motifs that facilitate in vivo S-nitrosylation [5, 6] of only a small subset of cysteines within proteins [7] .
Initial analyses of mammalian SNO-hemoglobin suggested an acid-base SNO motif whereby S-nitrosylation is targeted by charged (acidic and basic) side chains within 6 Å of the modified thiol (Cysβ93) [8] . Hemoglobin also contains features of a hydrophobic motif that is characterized by signature aromatic residues (Tyr, Trp) that are thought to facilitate S-nitrosylation by a variety of mechanisms [3, 7] , including micellar catalysis (that may explain nitrosylation of solvent-inaccessible Cys, such as that in Cox2 [9] ) and transnitrosation, as exemplified by NO group exchange between Trp and Cys in albumin [10] . Tyr and Cys coupling, well known to increase Cys reactivity by lowering thiol pK a , may also facilitate S-nitrosylation by radical routes, catalyzed by a Tyr cation radical that will extract an electron from an adjacent Cys (which then reacts rapidly with NO · ). A microarray analysis of S-nitrosylated yeast proteins showed that the SNO site within S-nitrosylated glutamine amidotransferases is situated in a "nucleophilic elbow" at the N terminus of a helix that increases thiol nucleophilicity (as do proximate His and Tyr residues that are features of acid-base and hydrophobic motifs) [11] , and additional structural analyses of endogenously nitrosylated mouse proteins revealed over-representation of SNO sites in helices and under-representation in coils relative to unmodified cysteines [12] . The nature of the side chain and stereochemistry of the SNO donor has also been shown to provide additional specificity for protein Snitrosylation [11] . Subsequent analysis of the acid-base motif has suggested a more distal (8 Å) influence of charged side Cyclin-dependent kinase 5 [43] Protein disulfide isomerase [86] X-linked inhibitor of apoptosis [40] Apolipoprotein E [87] Parkinson disease Parkin [88, 89] Peroxiredoxin-2 [90] Protein disulfide isomerase [86] X-linked inhibitor of apoptosis [91] Stroke Matrix metalloproteinase 9 [92] Cardiovascular Heart failure Ryanodine receptor 2 [93] Long Q/T syndrome Cardiac sodium channel SN5Ca [94] Preeclampsia Serum albumin [95, 96] SNO-proteins [97] Pulmonary arterial hypertension Tumor maintenance Ras [114] Tumor radiosensitivity HIF-1α [115] Skeletal muscle Duchenne muscular dystrophy Ryanodine receptor 1 [116] Malignant hyperthermia Ryanodine receptor 1 [117] a Implicated in steroid insensitivity chains. Importantly, charged residues were suggested to play a role in protein-protein interactions that may promote sitespecific S-nitrosylation [13] . In addition, S-nitrosylation of proteins itself has been proposed to generate novel proteinprotein interactions by changing the surrounding surface charge distribution and by allosterically generating solventexposed binding sites [13] . The potential importance of protein-protein interactions in targeting S-nitrosylation is consistent with the emerging evidence for a major role of transnitrosylative transfer of NO groups from SNO-proteins (Fig. 1b) .
Nitrosylases

Metal-to-Cys
Nitrosylases are proteins involved in either Metal-to-Cys (Fig. 1a) or Cys-to-Cys (Fig. 1b) 2 ] where X is S or N), transition metals can fulfill the redox requirement for SNO synthesis and may do so without a chemical role for molecular oxygen [14] [15] [16] . For instance, in the case of mammalian hemoglobin (Hb), an allosterically coupled intramolecular transfer of NO from heme iron (iron nitrosyl, HbFeNO) to Cysβ93 results in auto-S-nitrosylation (SNOHb) [17, 18] . Additionally, transfer of metal-coordinated NO from cytochrome c [19] or ceruloplasmin [20] to glutathione is employed in the synthesis of GSNO. It has also been reported that the redox cycling of ceruloplasmin-bound copper supports S-nitrosylation and denitrosylation of glypican-1 [21] . Other examples of Metal-to-Cys nitrosylases that catalyze auto-S-nitrosylation include neuroglobin [22] , cytoglobin [22] , and possibly nitrophorin [23] (Table 2 ). In spite of the paucity of freely available cellular pools of redox-active metals, chelation of divalent metal ions results in decreased cellular S-nitrosylation in yeast grown under both aerobic and anaerobic conditions [16] , highlighting the general importance of metals in physiological SNO formation.
Cys-to-Cys
Cys-to-Cys transnitrosylases (referred to hereinafter as transnitrosylases) are typically SNO-proteins involved in Cys-to-Cys transfer of the NO group from donor to acceptor protein [24] . Mechanistically, the operation of transnitrosylases can be considered analogous to palmitoyltransferases that add palmitate to thiol groups in proteins by transthioesterification or to E2-conjugating enzymes, which transfer ubiquitin to E3 ubiquitin ligases by transthioesterification; E3 ubiquitin ligases then transfer ubiquitin to protein substrates (Fig. 1b) . To date, a number of transnitrosylases have been shown to function in physiological contexts, as described below (Table 2) .
SNO-hemoglobin
SNO-hemoglobin has served as a classical model for allosteric control of protein S-nitrosylation [17, 18, 25] . The relaxed (R), oxygenated state of Hb promotes Snitrosylation of its highly conserved Cysβ93 residue by intramolecular transfer of NO from heme iron, as described above. Deoxygenation of Hb induces an allosteric transition to the tense (T) structure, promoting transnitrosylative transfer of the NO group to the cytosolic domain of the red blood cell (RBC) membrane protein anion exchanger-1 (AE1) and to glutathione. This transnitrosylative transfer subserves b The mechanism of action of Cys-to-Cys transnitrosylases exhibits similarities with enzymes involved in other ubiquitous posttranslational modifications. Transnitrosylases, palmitoyltransferases, and E2-conjugating enzymes participate in Cys-to-Cys transfer of NO, palmitate, or ubiquitin, respectively. E3 ubiquitin ligases transfer ubiquitin (ligated to cysteine) to target proteins export of vasodilatory NO bioactivity [17, 26] . Therefore, SNO-Hb can be functionally classified as an AE1 (and glutathione) nitrosylase. As discussed above, hemoglobin also exhibits an auto-S-nitrosylation activity in which NO bound to heme within the β-subunit can exchange with the Cysβ93 residue (in the R structure). Thus, hemoglobin can both synthesize SNO (Fig. 1a) and nitrosylate its cognate targets (Table 2) .
Accumulating evidence suggests a role of aberrant transnitrosylation by SNO-Hb in numerous pathologies. Generally speaking, conditions that disfavor the allosteric transition in Hb from T to R state (hemoglobinopathies, including sickle cell disease) or that promote deoxygenation of Hb (hypoxemia, acidosis) will be associated with reduced synthesis of SNO-Hb. In sickle cell anemia, sickle hemoglobin (HbS; Glu6Val Hb) is impaired both in its ability to form SNO-Hb (Metal-to-Cys transfer of the NO group) and to transnitrosylate AE1 (Cys-to-Cys transfer of the NO group) (Fig. 2) [27] . The resultant decrease in levels of RBC membrane SNOs is correlated with the severity of impaired vasodilation by sickle RBCs demonstrated in vitro [27] . In addition, it has been demonstrated that banked blood (stored for transfusion) exhibits a rapid decrease in levels of SNO-Hb and a corresponding impairment of hypoxic vasodilatory function of RBCs, both of which are ameliorated by restoration of SNO-Hb levels (SNO repletion) [28] . Furthermore, RBCs exposed to sustained hypoxia exhibit impaired pO 2 -coupled vasodilation in the lungs and are deficient in increasing blood oxygenation; importantly, these parameters change in concert with alterations in SNOHb levels within RBCs and are ameliorated by SNO repletion using the inhaled S-nitrosylating gas ethyl nitrite (ENO) [29] . Moreover, hypoxemic patients with pulmonary arterial hypertension exhibit a decrease in SNO-Hb levels and reduced hypoxic vasodilation, which are reversed by ENO, further establishing a cause-and-effect relationship between SNO-Hb and improvements in pulmonary parameters [29] . Finally, SNO-Hb levels are markedly increased in sepsis [30] [31] [32] and at altitude [33, 34] . Both septic and hypoxemic conditions are characterized by decreased O 2 utilization at the tissue level and increases in SNO-Hb may be viewed as means to normalize O 2 delivery by increasing blood flow. Indeed, blood concentrations of SNO-Hb are a positive predictor of aerobic exercise capacity [34] .
SNO-GAPDH
In addition to its role as a glycolytic enzyme, there is a growing appreciation of the role GAPDH plays in extraglycolytic pathways in the nucleus, including DNA repair, telomere binding, and facilitation of apoptosis [35] . Hara et al. [36] demonstrated that, upon apoptotic stimulation, GAPDH is nitrosylated at its active-site Cys150, which promotes its binding to the E3 ubiquitin ligase Siah1 [36] . This results in the cotranslocation to the nucleus of SNO-GAPDH and Siah1 and in the stabilization of Siah1 that contributes to cell death. More recently, Kornberg et al. [37] showed that SNO-GAPDH binds to and transnitrosylates a number of nuclear proteins including DNA-PK, SIRT1, and HDAC2 and that S-nitrosylation of SIRT1 inhibits its downstream effects on transcription. Additionally, the degree of S-nitrosylation of these nuclear proteins in situ is correlated with levels of expression of GAPDH, as analyzed by overexpression or knockdown of GAPDH in mammalian cells [37] . Therefore, SNO-GAPDH can be classified as a physiological nitrosylase for a subset of nuclear proteins, thereby functioning to implement apoptotic and transcriptional programs.
SNO-caspase 3
The caspase family of proteases plays a central role in apoptosis. Caspase 3, which cleaves a number of target proteins, is the major executioner of apoptosis [38] . Inhibitors of apoptosis (IAPs), which confer protection, contain a baculovirus IAP repeat (BIR) and a RING domain [39] . The BIR domain interacts directly with a caspase, whereas the RING domain has E3 ubiquitin ligase activity [39] . The IAP-designated X-linked inhibitor of apoptosis protein (XIAP) interacts with active caspases 3/7/9 in the cytosol and is considered to be the most potent endogenous caspase inhibitor [40] . XIAP also ubiquitinylates caspases and thereby targets them for proteasomal degradation. XIAP is nitrosylated at its RING domain by either exogenous or endogenous sources of NO in vitro or in vivo; S-nitrosylation of XIAP inhibits its E3 ubiquitin ligase activity, reflected in the stabilization of caspase 3 [40] . Consistent with these findings, knockdown of XIAP in primary cerebrocortical neurons (nNOS-expressing cells) leads to an increase in caspase 3 activity and facilitation of cell death induced by NMDA (an agonist of the NMDA-type glutamate receptor) [40] . Furthermore, SNO-XIAP levels are increased in patients with neurodegenerative conditions including Alzheimer disease and diffuse Lewy body disease, implicating S-nitrosylation of XIAP in the etiology of neuronal damage [40] . Notably, SNO-caspase 3 functions as a specific transnitrosylase for XIAP in vitro, and this reaction is subserved by a physical interaction between SNO-caspase 3 and XIAP [40] . Transnitrosylation of XIAP by SNO-caspase 3 has been implicated in the pathophysiology of cell death, and thus, may be construed as aberrant nitrosylase activity [40] .
SNO-cyclin-dependent kinase 5
Cyclin-dependent kinase 5 (Cdk5), which is predominantly a neuron-specific kinase, plays an important role in neuronal development, including cell survival, axon guidance, neuronal migration, and regulation of synaptic spine plasticity [41] . Dysregulation of Cdk5 has been implicated in the pathogenesis of several neurological disorders, including Alzheimer disease and Parkinson disease [42] . A recent study by Lipton and colleagues [43] demonstrated that exposure of primary cortical neurons (nNOS-expressing cells) to NMDA results in the S-nitrosylation of Cdk5 and that SNO-Cdk5 exhibits enhanced kinase activity. Importantly, SNO-Cdk5 can transnitrosylate dynamin-related protein 1 (Drp1) [43] . S-nitrosylation of Drp1 following exposure of cells to amyloid protein leads to its dimerization and enhanced GTPase activity [44] . Consequently, SNO-Drp1 promotes mitochondrial fission with an increase in neuronal damage. Finally, both SNO-Drp1 and SNO-Cdk5 levels are Fig. 2 Dysregulation of hemoglobin's nitrosylase activity in sickle cell anemia. In RBCs from patients with sickle cell anemia, aberrant intramolecular transfer of NO from heme iron nitrosyl to Cys (impaired Metal-to-Cys nitrosylase activity) results in deficient formation of SNO-sickle hemoglobin (SNO-HbS). Additionally, aberrant docking of S-nitrosylated SNO-HbS to the membrane protein AE1 disrupts transnitrosylative transfer of the NO group to the membrane (impaired Cys-to-Cys nitrosylase activity). Decreased levels of membrane SNO are associated with decreased ability of RBCs to effect hypoxic vasodilation, which may contribute to the vaso-occlusive crisis of sickle cell anemia [27] enhanced in patients with Alzheimer disease [43, 44] , pointing toward SNO-Cdk5-mediated transnitrosylation of Drp1 as a potential therapeutic target.
SNO-Trx
The Trx system, which consists of redox-coupled thioredoxin (Trx) and thioredoxin reductase (TR), is well characterized as a principal protein disulfide reductase that maintains cellular redox equilibrium. The two redoxactive, catalytic Cys in the active site of Trx (Cys 32 -X-XCys 35 ) participate in the reversible reduction of disulfides in substrate proteins, producing oxidized Trx (Cys 32 -Cys 35 disulfide linkage). Oxidized Trx is reduced by the NADPH-dependent Trx reductase (TrxR) [45] . In addition to the active site, human Trx has three additional cysteines (Cys62, Cys69, and Cys73) [45] . Cys73 has emerged as a physiological target of S-nitrosylation that participates in transnitrosylation reactions with other proteins [46] [47] [48] . Initial analysis of the function of Trx as a nitrosylase showed that SNO-Trx, S-nitrosylated at Cys73, transnitrosylated caspase 3 (forming SNO-caspase) at a rate approximately 100 times faster than GSNO in vitro [46] . Importantly, in vivo, this transnitrosylation reaction requires the interaction between SNO-Trx and casapse-3, as evidenced by a loss of transnitrosylase activity of a Trx mutant missing the local contact residues (Trx-E70A/K72A) [47] . Subsequent analysis indicated that oxidation of the active-site cysteines within Trx promotes S-nitrosylation of Cys73, which subserves transnitrosylation of target proteins including peroxiredoxin 1 and caspase 3 [48] . Additionally, it was found that SNOTrx does not serve as a substrate for TR [49] . Consistent with these findings, substantial levels of oxidized Trx are detected in several tissues, including the lung and kidney [48] , providing support for the idea that Trx can be uncoupled from TR, which promotes its nitrosylase function. Overexpression of a Trx1 C32S/C35S mutant in HeLa cells promoted the S-nitrosylation of Trx1 C32S/C35S compared to wild-type and revealed 47 novel potential substrates for trans-S-nitrosylation by Trx1 [48] . Thus, Trx may operate under some conditions as a multiprotein nitrosylase (Table 2) . Importantly, reduced Trx mediates denitrosylation of numerous SNO-proteins, as detailed below.
Denitrosylases
Denitrosylases are enzymes involved in the removal of NO groups from the Cys thiol side chain of proteins or lowmolecular-weight thiols (Table 3) . By abstracting NO from proteins, denitrosylases may function to ameliorate nitrosative stress and to regulate signal transduction. Denitrosylases also play important roles in setting levels of cellular nitrosylation by analogy to phosphatases, which often set levels of phosphorylation. To date, two enzymatic denitrosylating systems have been demonstrated to function in physiological contexts: the Trx/TR system and the glutathione (GSH)/GSNO reductase (GSNOR) system [1] .
Trx system (Trx, TR, NADPH)
Denitrosylation of SNO-caspase 3 is constitutive in the cytosol and stimulus coupled at the mitochondria, the latter in the context of apoptotic stimulation by Fas ligand [50] . The Trx1 and Trx2 systems serve as the cognate denitrosylases for cytosolic and mitochondrial SNO-caspases, respectively [50] . Trx1 has also been reported to denitrosylate Nethylmaleimide-sensitive factor (NSF) and thereby promote granule exocytosis that has been implicated in vascular inflammation [51] . Decreased levels of TrxR were associated with increased S-nitrosylation of the insulin receptor, Akt kinase, and the phosphodiesterase, PDE3B, in the adipose tissue of obese subjects, which was implicated in the decreased antilipolytic action of insulin associated with obesity [52] . Thioredoxin-interacting protein (Txnip) inhibits the denitrosylase function of Trx, thereby enhancing cellular levels of SNO-protein [53] . Proteomic analyses revealed that Trx likely serves as a major SNO-protein denitrosylase in mammalian cells where it mediates denitrosylation of a broad spectrum of SNO-proteins [54, 55] . Trx-mediated SNO-protein denitrosylation proceeds via the formation of a mixed disulfide intermediate between Trx and its substrate and likely through transnitrosylation to release the reduced NO moiety, nitroxyl (HNO) [50] . Although the Trx system has also been shown to catalyze the reduction of GSNO in vitro, the physiological relevance of this activity is not known [56] . In addition, lipoic acid has been reported to denitrosylate SNO-albumin (as well as GSNO) in vitro (after reduction to dihydrolipoic acid by lipoic acid dehydrogenase), but the physiological relevance of this activity has not been determined [57] . In physiological settings, Trx exists primarily in the reduced state, which facilitates its function as a SNOprotein denitrosylase [58] . As discussed above, uncoupling of Trx from TR allows S-nitrosylation of (oxidized) Trx and may promote the function of SNO-Trx as a transnitrosylase. Given that Trx is thought to play a role in numerous diseases, its transnitrosylase and denitrosylase activities may serve as therapeutic targets, particularly in the context of oxidative and/or nitrosative stress (nitroso-redox imbalance).
GSNO reductase system (GSNOR, GSH, NADH)
Glutathione is the major low-molecular-weight thiol in mammalian cells (up to 10 mM) [59] . GSNO, which was initially identified as a physiological entity in human airways [60] , can transnitrosylate proteins, forming SNOproteins. A GSNO-metabolizing activity was purified that is broadly conserved across phylogeny (bacteria to man) and was identified as class III alcohol dehydrogenase (ADH3) [61, 62] . It was determined that the principal substrate for ADH3 is in fact GSNO, and the enzyme was renamed GSNO reductase (GSNOR) [62] . GSNOR utilizes NADH to carry out a 2e − reduction of GSNO to generate glutathione sulfinamide [63] . GSNOR is the major source of NADH-dependent GSNO-metabolizing activity in mammalian tissues [30] . Strikingly, knockout of GSNOR in yeast and mice was shown to increase cellular levels of both GSNO and SNO-proteins (upon treatment with an SNO donor or lipopolysaccharide (LPS)). Thus, GSNO and at least some SNO-proteins are in an equilibrium governed by Cys-to-Cys transnitrosylation, and GSNOR is an important regulator of SNO-protein denitrosylation [30, 62] . Consistent with these findings, the addition of glutathione to SNO-proteins leads to the rapid denitrosylation of a large subset of proteins in vitro [64] and accumulating data suggest that GSNOR operates in concert with all isoforms of NOS in vivo [30, 65, 66] .
The physiological role of GSNOR as a regulator of protein denitrosylation is well established in the context of signal transduction through G protein-coupled receptors (GPCRs) and, in particular, the β 2 -adrenergic receptor (β 2 AR). It has been shown that ligand-coupled Snitrosylation of multiple proteins regulates β 2 AR desensitization and internalization. Agonist-induced S-nitrosylation of GPCR kinase 2 (GRK2) inhibits its ability to phosphorylate the receptor and thereby prevents binding of the receptor to β-arrestin 2, resulting in attenuated desensitization of G protein-mediated signaling and decreased receptor internalization [66] . In addition, stimulus-coupled Snitrosylation of β-arrestin 2 promotes its binding to the clathrin/AP2-based internalization machinery and thereby enhances internalization of the receptor-β-arrestin 2 complex [67] . Regulation by GSNOR is demonstrated by the findings that, in the heart and lungs of GSNOR −/− mice, Snitrosylation of GRK2 and β-arrestin 2 are augmented, and surface expression of the β 2 AR is enhanced [66, 67] . Initial evidence of aberrant GSNOR-mediated denitrosylation in disease was established in a sepsis model employing GSNOR −/− mice [30] . Mice deficient in GSNOR exhibit substantial increases in mortality and tissue injury after LPS treatment, the degree of which was directly correlated with Fig. 3 Deficiency of cellular GSNOR activity in the etiology of hepatic carcinoma. The O 6 -alkylguanine-DNA alkyl transferase (AGT) protein transfers the alkyl group (shown as a methyl, CH3, group) from the O 6 position of guanine to its active-site cysteine, thereby repairing DNA. However, AGT is S-nitrosylated in inflammatory conditions (in which iNOS is upregulated), and S-nitrosylation promotes ubiquitinylation and subsequently proteasomal degradation. GSNO is in equilibrium with SNO-AGT, and in wild-type mice, GSNOR regulates SNO-AGT denitrosylation by shifting the equilibrium towards GSNO, resulting in decreased SNO-AGT levels. However, in GSNOR −/− mice, the absence of GSNOR activity results in increased S-nitrosylation and degradation of AGT. A chromosomal deletion, inclusive of the GSNOR gene, is found in 50% of patients with HCC. Thus, GSNOR denitrosylase activity may play a tumor suppressor function in the etiology of HCC levels of cellular S-nitrosylation [30] . In addition, Wei et al. [68] demonstrated that GSNOR-deficient mice are more susceptible to spontaneous and carcinogen-induced hepatocellular carcinoma (HCC). Following challenge with diethylnitrosamine (DEN) or LPS, they observed increased Snitrosylation, proteasomal degradation, and depletion of the DNA repair enzyme, O 6 -alkylguanine-DNA alkyl transferase (AGT) in the liver of GSNOR −/− mice (Fig. 3) . Consequently, levels of O 6 -ethylydeoxyguanosine, which is a substrate for AGT, are elevated in GSNOR −/− mice after DEN challenge, implicating SNO-AGT as a physiological target of GSNOR [68] . Furthermore, GSNOR −/− mice are more susceptible to DEN-induced hepatic carcinogenesis, which has been suggested to result from a defect in the DNA repair mechanism [68] . Most notably, as much as 50% of human HCC has been attributed to chromosomal deletion of GSNOR [68] . Collectively, these studies suggest a crucial role for GSNOR in ameliorating nitrosative stress. Reduced levels of GSNO have also been implicated in the pathogenesis of respiratory and cardiovascular diseases. Mice deficient in GSNOR are protected in an experimental model of asthma, in association with enhanced intracellular SNO levels [65] . Whereas inflammatory responses to ovalbumin treatment are not diminished in GSNOR −/− mice, they are, nonetheless, protected against ovalbumin-induced hyperresponsiveness to methacholine, a cholinergic agonist and bronchoconstrictor [65] . SNPs in GSNOR have been associated in multiple studies with asthma and responsiveness to bronchodilators [69] [70] [71] and GSNOR has been strongly linked to asthmatic responsiveness in humans [72] . Furthermore, GSNOR −/− mice display enhanced cardioprotection after myocardial infarction, associated with increased myocardial capillary density [73] . Mechanistically, this increased cardioprotection has been ascribed to enhanced S-nitrosylation of HIF1α, which promotes its stabilization and transcriptional activation of VEGF [73] . Given the critical role of GSNOR in SNO homeostasis, there have been increasing efforts to develop inhibitors targeting GSNOR [74] [75] [76] . One inhibitor is in phase II clinical trials for the treatment of acute asthma. Interestingly, an increasing body of research suggests a critical role for GSNOR in plant pathogenesis. This work has been facilitated by the identification of plant strains with both increased and decreased GSNOR activity [77] [78] [79] . For example, GSNOR regulates pathogen-induced increases in cellular S-nitrosylation in Arabidopsis thaliana, and an increase in total SNO levels corresponds with susceptibility to various diseases [77] . In addition, Tada et al. [79] reported that, in Arabidopsis, salicylic acid (SA)-mediated NPR1 oligomer-to-monomer generation is regulated by GSNOR, as evidenced by reduced monomeric NPR1 levels in the nucleus of atgsnor1-3 (Arabidopsis mutant lacking GSNOR activity). Accordingly, SA-mediated NPR1-dependent PR-1 (pathogenesis-related gene 1) expression is inhibited in the null mutant [79] . Furthermore, increased SNO levels as a result of GSNOR deficiency have been shown to regulate programmed cell death and heat shock tolerance in plants [80, 81] . Thus, SNOs, regulated by GSNOR, have important roles in most organisms.
Candidate denitrosylases
On the basis of in vitro analysis, a number of additional mammalian enzymes have been identified as potential denitrosylases for small-molecular-weight SNOs (GSNO and/or CysNO), although their physiological relevance has not been established: superoxide dismutase [82] , glutathione peroxidase [83] , xanthine oxidase [84] , protein disulfide isomerase [85] , and carbonyl reductase [59] , the latter accounting for~30% of NADPH-dependent GSNO reductase activity in A549 lung adenocarcinoma cell lysates. Both the identification of additional physiological denitrosylases acting on small-molecular-weight SNOs and/or SNO-proteins and the extent to which denitrosylases operate on distinct sets of substrates (consistent with varying stability of SNOproteins in vivo as revealed by global kinetic analysis of SNO stability [55] ) remain important subjects of experimental analysis.
Conclusion
Protein S-nitrosylation is the prototypic redox-based posttranslational modification. Homeostasis of S-nitrosylation is crucial for the maintenance of normal physiology, as evidenced by an increasing number of diseases associated with dysregulated S-nitrosylation. Multiple nitrosylases and denitrosylases function in concert both to maintain homeostasis of protein S-nitrosylation and to dynamically regulate cellular signal transduction. Thus, aberrant nitrosylase and denitrosylase activities may be a cause of disease and may serve as important and novel therapeutic targets.
